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Abstract 
Dozer operation at surface coal mines involves exposure of workers to high amplitude whole-
body vibration.  Long-term exposure to this hazard has been linked to adverse health effects, 
which include low back pain. Safe Work Australia promotes the practice of regular monitoring 
of whole-body vibration levels and encourages employers to minimise workers’ exposure 
levels to ensure they are below levels identified in AS2670.1 as being associated with 
increased risk of adverse health effects.  Although not legally binding, these limits are 
regularly referred to in industry monitoring reports and guide management activities.   
 
While dozer operation is considered one of the higher risk tasks undertaken in surface mining 
operations, recent research has shown high variability of vibration amplitudes, some of which 
exceeded the limits for likely health effects provided in AS2670.1.  The aim of the project was 
to investigate the type of task and ground conditions that are associated with higher levels of 
exposure to whole-body vibration for dozer operators working at surface mining operations.  
This study involved a two-year data collection period to record whole-body vibration data, 
which was also matched to corresponding video of dozer operation.  A total of 366 hours of 
whole-body vibration data and corresponding video footage was analysed.  Descriptive 
statistics, as well as one-way and two-way Analysis of Variance were utilised.  Dozer operation 
in blocky ground conditions consistently produced higher whole-body vibration exposures, 
while task characteristics were not as predictive.  The results of this study assist the mining 
industry by allowing prioritisation of allocation of controls targeted at the tasks and/or ground 
conditions associated with higher whole-body vibration readings. 
 
  iii 
Analysis of whole-body vibration data has undergone some change over the last ten years.  
Recent guidelines published by Safe Work Australia advocate the use of limits stipulated by 
the European Union Directive, as these are legally enforceable in Europe.  Previous guidelines 
have referred directly to International Standard ISO 2631-1, upon which the AS22670.1- 2001 
is based. Comparison of the different analysis methods outlined in the Safe Work Australia 
guidelines and Australian Standard ASS2670.1-2001 was undertaken as part of this project. 
Increased awareness within the mining industry of data analysis methods is advocated to 
improve consistency of reporting and understanding of the results and this study makes a 
valuable contribution in this area. 
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1. Introduction 
1.1  Whole-body vibration 
The Safe Work Australia Code of Practice for Hazardous Manual Tasks (2016) defines whole-
body vibration as occurring “when vibration is transmitted through the whole body, usually 
via a supporting surface, such as a seat or the floor in heavy vehicles or machinery” (pg 13) 
(Safe Work Australia, 2016). Prolonged and significant exposure to whole-body vibration has 
been associated with a range of adverse health effects such as back pain, degeneration of the 
lumbar vertebrae and disc herniation ( (McPhee, Foster, & Long, 2009; Cann, Salmoni, & Vi, 
2003). Negative impacts on cardiovascular, respiratory, digestive, reproductive, endocrine 
and metabolic systems have also been implicated (Eger T. K., 2013). Whole-body vibration 
has been identified as a hazard under the Work Health and Safety Act (2011) (NSW 
Government, 2011) and the Work Health and Safety Regulations (2011) (NSW Government, 
2011).   
 
1.2  Whole-body Vibration exposure in the mining industry 
Monitoring of whole-body vibration levels has been undertaken in the mining industry in NSW 
for over 20 years. In the mid 1990’s, Safe Work Australia began to investigate the extent of 
exposure to vibration in mining. In 2002 “Bad Vibrations” (McPhee, Foster, & Long, 2009) was 
published using a research grant from the Joint Coal Board.   This handbook (which has since 
been revised and republished in 2009) was the first definitive guide for the mining industry in 
Australia regarding vibration and remains an often-cited reference today.   
 
Research literature has identified operation of heavy machinery used in the open-cut coal 
mining industry as a known work situation that exposes workers to significant whole-body 
vibration for sustained periods (Howard, Sesek, & Bloswick, 2009) (Kumar, 2004) (Smets, Eger, 
& Grenier, 2010).  Recent published articles have documented similar findings in the 
Australian context (Burgess-Limerick & Lynas, 2016) (Wolfgang & Burgees-Limerick, 2014a).  
The Safe Work Australia factsheet recognizes sources such as Bad Vibrations (McPhee, Foster, 
& Long, 2009) which highlight that the NSW mining operations are undertaken in conditions 
and using equipment that expose workers to significant levels of whole-body vibration.  The 
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mining industry was one of the industries named in the McPhee report to be of primary 
concern, and this was reiterated by Safe Work Australia (Burgess & Foster, 2012). 
 
Coal mines operating in NSW attempt to comply with the NSW Work Health and Safety 
Regulation 2011 (clause 60), which requires employers to manage risks to health and safety 
relating to a musculoskeletal disorder associated with a hazardous manual task by: 
• Identifying hazards that could give rise to risk; 
• Eliminating the risk as far as is reasonably practicable; 
• Minimising the risk by implementing control measures in accordance with the 
hierarchy of control; 
• Maintaining the implemented control measures so that they remain effective; 
• Reviewing and revising risk control measures to maintain a work environment that is 
without risks to health and safety. 
 
1.3 Whole-body vibration exposure related to dozer operation 
Previous research has investigated various mobile plant and machinery used in the open-cut 
coal mining industry, including haul trucks, water carts, excavators, dozers, graders and 
loaders.  Scarlett and Stayner (2005) reported long duration measurements of whole-body 
vibration exposure from 13 different types of machines used in mining, construction and the 
quarry industry.  A range of readings were collected, with the reading for a bulldozer 
performing civil construction tasks measured as exceeding the Health Guidance Caution Zone 
for r.m.s and VDV(8).   Bulldozers (commonly referred to as dozers) are track-mounted 
tractors fitted with a blade and a ripper and are used extensively on surface coal mines for a 
range of tasks including general pushing tasks, cleaning up around other machines such as 
excavators, shovels and draglines, and general clean up tasks such as work on roadways, 
benches and areas of ground being rehabilitated post mining.   
 
Dozer operators at surface mines in Australia are routinely exposed to whole-body vibration 
for long periods, as twelve-hour shifts are the norm in the industry.  Previous research 
indicates that these operators may be exposed to levels of whole-body vibration that exceed 
recommended levels.  While Burstrom et al. (2016), using short duration measures (35 – 150 
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minutes) of Z axis values found that measures were within the ISO2631.1 health guidance 
caution zone for an eight-hour exposure, other researchers have reported a range of results.  
Marin et al. (2017) collected whole-body vibration exposure levels from 11 types of vehicles 
used in open-cut coal mining operations in Columbia and also found a range of results when 
using longer duration measurements (minimum 100 minutes).  Burgess-Limerick (2012) 
reported 26 short duration measurements from dozers performing a range of tasks at a 
surface coal mine in Australia.  Significant variability in these short duration readings (16-70 
minutes) was observed, with some readings exceeding Health Guidance Caution Zone limits.  
This variability was increased when examined over longer duration (minimum 100-minute 
duration) readings (Burgess-Limerick & Lynas, 2016).   
 
Subsequent Australian-based research recorded sixty-nine long-duration measurements 
from fifteen dozers operating at a surface coal mine (Lynas & Burgess-Limerick, 2019).  Results 
indicated 24 of the 69 Z axis measures (approximately 34.8%) exceeded the health guidance 
caution zone for VDV(8), with variability between individual dozer recordings as well as across 
the fleet being noted.  These researchers concluded that “this extreme variability suggests 
that the vibration amplitudes associated with dozer operation may be particularly 
heterogeneous, with the variability a consequence of differences in the tasks performed, 
geological conditions, and perhaps operator behaviour” (Lynas & Burgess-Limerick, 2019).   
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2. Measurement of whole-body vibration 
2.1 Factors used to describe vibration 
Four factors are required to describe human response to whole-body vibration according to 
Eger & Godwin (2014): 
• Acceleration magnitudes or amplitude of the vibrations (bounce height) measured in 
metres per second squared (m/s2); 
• Frequency (number of vibrations per sec) measured in hertz (Hz).  All body parts have 
a natural frequency.  If the body part is exposed to vibration near its natural frequency, 
the part resonates, increasing the amplitude of the vibration.  If the body part is 
exposed to vibration outside its resonant frequency, the vibration will be dampened. 
Whole-body vibration between 1 and 20 Hz has been found to have a health effect on 
the spinal column, pelvis, internal organs and soft tissues of the human body (Eger T. 
, Stevenson, Boileau, & Salmoni, 2005).  
• Direction measured along X, Y and Z axes (See Figure 1 below) 
• Duration, which refers to length of exposure time. 
 
Figure 1: Vibration measurement axes in both seated and standing positions.  Guide to measuring and assessing workplace 
exposure to whole-body vibration, 2016. 
 
2.2 Methods for calculating whole-body vibration exposure 
Literature referring to whole-body vibration measurement describes a number of alternate 
methods for calculating whole-body vibration exposure.  The method described by the 
International Organization of Standards published standard ISO 2631-1:1997, (International 
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Organization for Standardization, 1997) Mechanical vibration and shock – Evaluation of 
human exposure to whole-body vibration is most commonly used.  This standard specifies 
frequency weightings for the vertical (Z) axis (Wk) and for the horizontal (X and Y) axes (Wd).   
The measurement of the frequency-weighted vibrations is then undertaken by two main 
methods, r.m.s. and Vibration Dose Value (VDV).  
 
This standard expresses whole-body vibration by the frequency weighted root-mean-square 
(r.m.s.) acceleration method.   
!! =	 $1&	' !!())"+)#$ ,%"  
where:  
• aw(t) is the weighted acceleration (translational or rotational) as a function of time 
(time history), in metres per second squared (m/s2): 
• T is the duration of the measurement in seconds. 
ISO2631-1 also recommends the alternate method of analysis, the fourth power vibration 
dose value (VDV), which is suggested for use when “crest factors” are high (which occurs 
when jolting and jarring is common).    
-.- = 	/' !!())&+)#$ 0%& 
where: 
• aw(t) is the instantaneous frequency-weighted acceleration; 
• T is the duration of the measurement in seconds. 
 
The VDV is a dose value that accumulates over the shift.  The r.m.s. is an average value over 
the shift.  Both measurements require a representative sample of whole-body vibration 
exposure be taken.  These values can then be extrapolated to represent a full shift.  In 2001, 
Australia adopted the complete International Standard as the Australian Standard AS 2670-
2001, Evaluation of human exposure to whole-body vibration Part 1: General requirements 
(Standards Australia, 2001).  The ISO 2631-1 report defines upper and lower limits for 8-hour 
(daily) exposure via a health guidance caution zone (HGCZ) for both r.m.s. and VDV values 
(see Figure 2). 
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Figure 2: AS 2670.1 / ISO 2631-1 Health Guidance Caution Zone.  AS2670.1-2001 Annex B 
 
 
Table 1 below correlates Health Guidance Caution Zone limits with predicted degree of likely 
adverse health effects.   
 
Table 1:  Health Risk Determination table showing upper limits for 8 hour (daily) exposure as per ISO 2631-1 (Eger & 
Godwin, 2014) 
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In 2002, the European Union adopted a Vibration Directive, the European Union Directive 
2002/44/EC Physical Agents (Vibration) Directive (The European Parliament and The Council 
of The European Union, 2002).  This document expresses daily whole-body vibration exposure 
limits by classifying r.m.s. and VDV values by a daily exposure limit value and a daily exposure 
action value.  The terms used as well as the numerical cut-offs for the various levels of risk 
used in the two methods vary from those described in ISO 2631-1.   
Table 2 below illustrates the slightly more forgiving upper limits adopted by the EU Directive. 
 
Table 2:  Comparison of exposure limits documented by ISO2631-1 compared to EU Directive (Eger & Godwin, 2014) 
 
 
A new addition to ISO 2631 was published in 2004 that provides guidelines for the evaluation 
of vibration containing multiple shocks (ISO 2631-5); Mechanical vibration and shock – 
Evaluation of human exposure to whole-body vibration – Part 5: Method for evaluation of 
vibration containing multiple shocks.  This evaluation method attempts to deal specifically 
with situations where the operator is exposed to transient, multiple shocks.  This method uses 
the sixth power of peak vibration levels and has been recommended as an alternate 
assessment method for exposures dominated by multiple shocks in relation to health of the 
lumbar spine (AS 2670.1).  The methods outlined in part 5 have been disputed (Seidel, 
Bluthner, Menzel, Hofmann, & Gericke, 2007) (Alem, 2005) with varying degrees of sensitivity 
when compared to other standards reported (Smets, Eger, & Grenier, 2010). Little research 
has been conducted using this method because different data collection devices are required. 
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2.3  Ambiguities regarding whole-body vibration exposure analysis 
2.3.1 Inconsistency between terms used in ISO2631-1 versus European Union Directive 
While the Australian standard AS 2670.1 – 2001 is directly based on ISO 2631-1 there are 
ambiguities and inconsistencies in the standard document when compared to the recently 
published guidelines to measuring whole-body vibration distributed by Safe Work Australia.   
The Safe Work Australia Guide to measuring and assessing whole-body vibration published in 
2016 aims to provide clear direction regarding measurement of whole-body vibration, but 
fails to be consistent in notation of calculations with the Australian Standard (Safe Work 
Australia, 2016).   The guidelines emphasize the European Union Directive limits, rather than 
those derived by graphing the exposure limits as shown in Annex B - the Health Guidance 
Caution Zone limits.  The guidelines refer exclusively to the European Union Directive 
descriptive terms such as daily exposure limit values and daily exposure action values while 
these terms are not defined or used in the ISO standard.  The inconsistency in terms and 
values used is confusing for industry and leads to inconsistency in analysis method used and 
poor understanding of results. 
 
2.3.2 Use of crest factor 
The Australian standard recommends that in situations where occasional shocks and transient 
vibration are present (i.e. situations with “crest factors” above 9; meaning the peak wRMS 
acceleration value is nine times greater than the r.m.s. value) that the VDV measure also be 
calculated.   Using only the basic r.m.s. method may underestimate the vibration effects 
(clause 6.3).  A crest factor is defined as “the modulus of the ratio of the maximum 
instantaneous peak value of the frequency-weighted acceleration signal to its r.m.s. value”.  
The standard recommends that the VDV calculation also be reported in this situation and be 
considered the more representational value as it better accounts for jolts and jars.  A single 
shock causes permanent increases in the VDV and so provides a better indicator of health 
risk.  There is no clear reference as to where the crest factor limit of 9 as being significant has 
been established.  An alternative measure, the VTV (vibration total value) provides a value of 
the combined X, Y & Z accelerations (with multiplying factors where indicated).  Clause 6.5 of 
ISO2631.1 suggests the use of the VTV measure when assessing for comfort or for health 
effects where no dominant axis exits (p13) as does the 2010 amendment of the Australian 
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standard (section 7.2.4).  This leaves the data analyser with a value judgement as to when to 
employ this analysis method, as no definite cut off regarding degree of axis dominance is 
provided. 
 
2.3.3 Use of different axes when calculating whole-body vibration 
While whole-body vibration is measured and reported in relation to the three axes (X, Y and 
Z), evidence of what health effects result from vibration in the various axes is difficult to find.  
Many studies use calculations based on Z-axis values, specifying that this axis produced the 
highest frequency-weighted r.m.s. values (Eger T. , Stevenson, Boileau, & Salmoni, 2005). 
Rehn et al., (2005) concluded that the Z-axis vibration exposure was the most significantly 
associated with low back pain in drivers.  Pope, Wilder, & Magnusson (1998) discuss literature 
showing vertebral end plate damage resulting from Z-axis vibration, potentially caused by the 
compressive forces acting on the lower back during vertical axis vibration.  Their study showed 
that when the spine is axially loaded, it compresses, and so becomes shorter.  Griffin (1990) 
expressed ambiguity regarding which axis should be used to evaluate for health effects, and 
Seidel et al., (2007) recommend that more research needs to be conducted to examine the 
effect of whole-body vibration in X and Y axes, suggesting work investigating the strength of 
the spine in shear and the significance of posture effects (Seidel, Bluthner, Menzel, Hofmann, 
& Gericke, 2007).   
 
The Australian standard states that the highest frequency-weighted axis be used (Section 
7.2.4), however elsewhere in the document it states that the data available is from research 
on human response to z-axis vibration only (Annex B, B.1 note to introduction).  Given that 
horizontal direction vibration is impacting the body from a different angle, it would seem 
plausible that different health effects may result.  Literature describing this link and 
correlating health effects to X and Y-axes forces was not sourced.   Recent studies collecting 
whole-body vibration data in the open-cut coal mining industry in Australia (Wolfgang & 
Burgess-Limerick, 2014b) (Burgess-Limerick & Lynas, 2016) have used the following data 
analysis method: 
- Frequency-weighted r.m.s accelerations, and 
- VDV expressed as an 8-hour equivalent value. 
- Results for Z-axis only were compared with the HGCZ defined by ISO2631.1. 
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2.3.4 Use of frequency multipliers 
The standard outlines the use of frequency multipliers for data collected in X and Y axes and 
includes these in whole-body vibration calculations (Table 1, section 4.2). Seidel and 
colleagues, (2007) refers to the multiplying factors, but states that final evidence for the 
evaluation “is missing” (Seidel, Bluthner, Menzel, Hofmann, & Gericke, 2007).  Burgess-
Limerick (2012) highlights the ambiguity regarding the use of multiplying factors (noted as 
“k”) exists because they are not referred to or included in the equations in Annex B of the ISO 
standard.  They are only included in calculations of VTV.  The most recent amendment, 
published in June 2013, (Standards Australia Amendment No. 1) is less ambiguous regarding 
the use of the k factors on X and Y axes, and does recommend their use.   Therefore, 
comparisons between different studies looking at whole-body vibration depend on 
understanding and interpreting the data analysis method used.  Monaghan & van Twest, 
(2004) stated that health assessment of whole-body vibration used separate analysis for each 
axis, with severity compared with predetermined limits.  The “weighting procedure” was 
developed as an approximation of this method, eliminating the need for spectral analysis.  
They also note that while the standard is internationally recognised, there is “an absence of 
a single measurement and assessment methodology” which results in ambiguities (Monaghan 
& van Twest, 2004).   
 
2.3.5 Use of cumulative averaging of samples 
Cumulative averaging / aggregating samples is another area of ambiguity in whole-body 
vibration data analysis. The ISO standard suggests using the “worst axis” to predict potential 
health risks, that is, the axis with the highest frequency-weighted r.m.s. vibration magnitude. 
While not specified in the ISO standard, some researchers advocate for the use of the “vector 
sum” or multi-axis method as this method is thought to more accurately reflect the true 
hazard potential (Smets, Eger, & Grenier, 2010), however, this method was found to calculate 
exposures 20-30% higher than the worst axis alone method.  Safe Work Australia’s guide 
recommends aggregating samples for VDV and A8, assuming that all samples are taken from 
one daily exposure.  However, if data is collected over numerous samples from different daily 
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exposures, that calculation is not valid.  This method does not allow for estimation of general 
exposure patterns as was attempted in this study. 
 
2.3.6 Analysis methods used in whole-body vibration monitoring within the mining industry 
in NSW. 
Examination of the annual reports supplied by a private monitoring firm to the mining 
operation where the research was undertaken revealed changes in analysis procedure that 
was not fully explained to the customer.  In a report supplied in July 2013, whole-body 
vibration data was analysed by taking Z axis values only, the rationale given being that 
“AS2670.1 – 2001 states that “most of the guidance in this annex (B) is based upon data 
available from research on human exposure to z-axis vibration of seated persons”. As such, 
measured vibration levels in the Z-axis only have been compared to the upper limit of the 
health guidance zone”.   The following year the method was modified, with “VDV and RMS 
acceleration measurements taken of each axes independently, with the highest frequency 
weighted results being reported”.  Instead of only considering Z-axis values, X and Y-axes were 
also considered.  If these were used, they would have been weighted with a frequency 
multiplier of 1.4 as per the standard.  The 2014 testing generated 4 exceedances that may 
have been the result of the change in data analysis method.  Subsequent reports in 2015 
document further changes to data analysis, with the monitoring firm moving from using 
exceedance limits based on Health Guidance Caution Zone as per ISO 2631-1 to limits as 
specified by the European Union Directive.   While these changes are noted in the body of the 
report, the significance and possible relationship to higher incidence of exceedances was not 
highlighted or communicated to operational staff, despite further monitoring being 
requested as a direct consequence of the reported exceedances. 
 
2.3.7 Current practice in NSW 
When assessing the health risks associated with whole-body vibration, the NSW Government 
document, “Mobile and transportable Equipment for Use in Mines and Petroleum 
SitesMDG15” (2018) specifies the following in Section 4.5.1: 
“Adequate preventative measures should be taken to prevent excessive vibration creating a 
risk to health or safety of the operator” and that “transmitted vibration during operations 
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should not exceed the limit levels specified by AS2670.1 or the European Directive 
2002/44/EC.” 
 
The most recently published guide to measuring and assessing whole-body vibration effects 
in Australia is the Safe Work Australia guide published in October 2016.  This guide 
recommends the use of the highest weighted axis to calculate the daily vibration exposure 
A(8) and Vibration Dose Value (VDV).  Levels calculated are recommended to be compared 
with the European Union Directive limits.  NSW Coal Services Health Division refers to the 
Safe Work Australia Guideline method. 
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3. Thesis Research Questions 
 
Given the occurrence of high levels of whole-body vibration exposures recorded in recent 
studies collected in Australia, as well as the variability noted in these readings, this project 
aimed to quantify current whole-body vibration exposure levels of dozer operators working 
at an open-cut coal mining operation, and to ascertain which tasks and/or operating 
conditions are associated with higher whole-body vibration readings.  Dozers were chosen as 
the category of equipment to be monitored due to recognition within the industry and 
previous research indicating that dozer operation is one of the highest activities in terms of 
whole-body vibration exposure (McPhee et al., 2009 as cited in Safe Work study).  
  
Factors such as task specific effects as well as effects of geology/ground conditions are 
recognized as being contributors to whole-body vibration exposure levels (McPhee, Foster, & 
Long, 2009) but have not previously been tracked due to the infrequency of whole-body 
vibration monitoring activity.  Information regarding specific task characteristics, ground 
conditions or surface type, and dozer model used will be collected for each monitoring sample 
and entered into a project database to assist in building a thorough understanding of any 
relevant contributing factors to exposure results captured and the overall risk profile for dozer 
operation at an open-cut coal mining operation in Australia. 
 
The aim of the project was to investigate in which tasks and ground conditions are dozer 
operators working that expose them to higher levels of whole-body vibration.  This will allow 
prioritisation of allocation of controls targeted at the tasks and/or ground conditions 
associated with higher whole-body vibration readings. 
 
The research questions addressed by this thesis are: 
1. What are the whole-body vibration exposures to operators of dozers at open-cut 
coal mines? 
2. How do these exposures vary with different tasks and surface conditions and 
model of dozer used? 
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3. How does the Safe Work Australia guidelines for Whole-body vibration 
measurement and analysis compare to those specified in  Australian Standard AS 
2670.1-2001? 
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4. Thesis Project Outline 
4.1 Monitoring tools 
Despite the recognition that operators of surface mining equipment are exposed to whole-
body vibration, collection of whole-body vibration exposure data within the open-cut coal 
industry in Australia is largely limited to periodic sampling.  Burgess-Limerick suggests whole-
body vibration measurements taken at irregular intervals are unlikely to provide a reliable 
indication of the magnitude of whole-body vibration exposure endured by mining equipment 
operators (Burgess-Limerick & Lynas, 2016).  This may in part be due to the difficulty 
associated with data collection.  The gold standard data collection devices are expensive and 
complex to use.  Two types of monitoring device were trialled for use in the whole-body 
vibration project: 
• SVANTEK VAN 958A four-channel sound and vibration level meter purchased through 
Global Acoustics in 2013.  Global Acoustics were engaged to provide specific on-site 
training, however recording and analysing the data was a multi-step process, which 
was problematic.  Due to the cost of the device, having multiple devices on site to 
increase sample collection was not cost-effective. 
• The 5th generation iPod Touch (Apple Inc., Cupertino, CA) (123 x 59 x 6 mm, 88g) 
incorporates a factory calibrated LIS331DLH (MEMS type) accelerometer 
(STMicroelectronics, Geneva, Switzerland) providing three-dimensional 16-bit data 
output configured to a range of +/- 2g.  While the sampling rate of the iPod device is 
less than that of the gold standard device, published studies indicate adequate validity 
and reliability of data to indicate use of the iPod as a collection device when 
monitoring whole-body vibration exposure (Mayton & Kim, 2018) (Burgess-Limerick 
R. , 2013) (Wolfgang & Burgess-Limerick, 2014b).  The increased accessibility has 
improved cost-effectiveness of collecting large data sets as several pieces of 
equipment can be tested on site simultaneously and for longer periods. (Wolfgang & 
Burgess-Limerick, Using consumer electronic devices to estimate whole-body 
vibration exposure., 2014b)   
The thesis project was conducted using the ‘WBV’ application, developed by Byte Works, Inc. 
under the direction of Robin Burgess-Limerick, Professor of Human Factors in the Minerals 
Industry Safety and Health Centre at the University of Queensland.  The NSW Coal Services 
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Health and Safety Trust funded the project. The application makes use of the accelerometer 
in the iPod to provide an estimate of vibration amplitude consistent with the methods 
described in ISO2631.1.  Frequency weighted r.m.s. and VDV values are presented graphically 
with reference to the health guidance caution zone for exposures of varying durations.  Use 
of the iPod allowed the opportunity for more regular data collection using numerous devices 
in various pieces of equipment across site simultaneously.  Comparison of results to other 
open cut coalmines that are using similar devices for similar projects may be advantageous in 
terms of generalizing findings (Burgess-Limerick & Lynas, 2016).  The application records front 
to back (X), side to side (Y) as well as up and down (Z) movement, however only Z movement 
is used for analysis by Burgess-Limerick & Lynas, 2016.   
 
4.2 Data collection procedure 
The whole-body vibration data collection procedure is outlined in the attached procedure 
(See Appendix D).  It details how the following equipment was used to collect and record 
whole-body vibration exposure for dozer operators during the project: 
• 5th Generation IPods with latest version of whole-body vibration app installed.  The 
app was set to collect and analyse consecutive 20-minute samples of three-
dimensional accelerometer data.   
• Neoprene slips to house the iPods while positioned on the seat under the operator. 
• Panasonic HD camcorder to capture footage of earth moving equipment during 
vibration recording. 
• MinVu daily reports to cross-reference with video and data samples to calculate 
average time of active equipment operation per shift.  The percentage of dozer 
movement per shift was calculated at 57% and rounded up to 60% when applied to 
the data. 
• Whole-body vibration Java App for sample trimming. 
 
Trials were recorded with a selection of operators across all crews on differing tasks and 
surfaces.  Trials were conducted in the 4-6 hours before or after meal break on day shift.  
IPods were placed in the neoprene slip and then positioned on the seat by the operator prior 
to commencing operation. A video recorder was set up to capture footage of the dozer during 
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operation. This footage was vital in giving context to the vibration recordings and was used 
to categorise the task and surface type.  
 
Dozer tasks were categorised as follows: 
1- Excavator floor prep / clean-up including ripping; majority of the sample is spent 
working within the vicinity of an excavator including floor sheeting, bench prep, 
and excavator clean up, with a section of the sample possibly spent using the 
ripper attachment. 
2- General pushing including ripping: majority of sample is spent doing general 
tasks not within the vicinity of an excavator including roadworks, drill prep, 
and/or heave capping, with a section of the sample possibly spent using the ripper 
attachment. 
3- Waste dump maintenance; majority of the sample spent working on waste dump 
pushing material over tip head/dump edge. 
Surface types were categorised as follows in Table 3. 
Table 3 Summary of Surface Types 
Soft – Alluvial, clay, topsoil, rehab. 
 
Alluvial 
 
Clay 
 
Topsoil Rehabilitation 
   35 
 
Standard – Loose blasted material, shot coal, blasted heave 
 
Well Blasted Heave 
 
Loose Blasted Material 
 
Loose Blasted Material 
 
Well Blasted Coal 
 
Hard – Bottom of shot, compacted haul road, un-shot coal. 
 
Hard White Rock 
 
Un-shot Coal 
 
Bottom of Shot 
 
Compacted Haul Road 
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Blocky – large blasted material, large blocks in floor or dig face. 
 
Large Blocks in Dig Face 
 
Large Blocks in Heave 
 
Hard White Rock 
 
Large Blocks in Heave 
Dump – waste material on dump. 
  
  
   
IPod and cameras were collected when the dozer operator was at crib or at the end of shift 
so as to minimise disturbance to normal mining operations. Data was recorded in continuous 
20-minute samples. This allowed for easier handling of the data during analysis. Each sample 
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was viewed and correlated with the video footage. MinVu Shift reports were also used to 
cross reference equipment activity with footage. MinVu reports offered other beneficial 
information such as dozer speed, operating delays and operator change-over recording. 
Erroneous data at the beginning and end of each trial (due to the recording process starting 
before the operator was seated and working) were manually trimmed from the samples prior 
to analysis. Other erroneous data included any time the operator left the seat and any period 
when the dozer was stationary for more than one minute were also trimmed.  These sections 
were removed to ensure the samples were only measuring whole-body vibration exposure 
when equipment was moving.   Once samples were trimmed, each 20-minute sample was 
categorised according to the task and surface that the dozer was working on for the majority 
of that period.   
 
4.3 Data analysis procedure 
Due to the ambiguity regarding data analysis methods (outlined in Section 2.3 of this report) 
data has been analysed by two methods: 
- Safe Work Australia method: As per Safe Work Australia most recent guidelines (Guide 
to Measuring and Assessing Workplace Exposure to Whole-body Vibration published 
October 2016).  These refer directly to the European Union Directive terms and 
methods:  Axis with the highest average is used (with frequency multipliers added to 
X and Y) to calculate exposure action values and exposure limit values which are 
compared to European Union Directive limits. 
- University of Queensland method:  The method employed by Burgess-Limerick and 
Lynas (2016) when investigating whole-body vibration exposure in dozer operators in 
a surface mining operation was replicated to allow comparative analysis: Z axis values 
only compared to HGCZ limits as per ISO 2631-1 Annex B.  As crest factors for the Z 
direction were anticipated to be higher than 9, VDV values were calculated.  
4.3.1 Statistical Analysis. 
Descriptive statistics (mean and standard deviation) were calculated for the samples 
gathered from different dozer types, undertaking different tasks, and in different 
ground conditions.  The number of trials in each cell varied, and small sample sizes in 
some cells precluded inferential analysis of interactions between these variables.  
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One-way Analysis of Variance was undertaken to examine the main effect of surface 
(df = 4,287), along with calculation of the 95% confidence intervals for pair-wise 
differences between levels of this variable. 
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5.  Results 
5.1  Whole-body vibration measurements 
The mean frequency weighted r.m.s. and vibration dose value (VDV) for 8-hour duration 
measurements for each dozer trial were graphed and analysed.  Trials were categorised by 
task, surface type and dozer type.  Exposure measurements were compared to the health 
guidance caution zone (HGCZ) as specified in the ISO 2631-1 to determine likelihood of 
adverse health effects.    Table 4 outlines the Health Guidance Caution Zone limits 
documented in ISO2631-1 and EU Directive for comparison.   
 
Table 4:  Comparison of Limits of Likelihood of Adverse Health Effects between ISO 2631-1 and European Union Directive 
Table 5 provides trial numbers across the various surface types, tasks and dozer types.  Low 
trial numbers were collected in blocky ground conditions as this surface type is minimised 
through effective use of blasting.  No trials of D10 dozers working on general push tasks in 
blocky conditions were collected as D11 dozers are allocated to these conditions.  Low trial 
numbers of D11 dozers working in soft conditions were collected as D10 dozers would be 
allocated to this task/surface type category. 
Table 5: Number of trials by dozer type, surface type and task. 
 D10 D11 
 Blocky Hard Std Soft Dump Blocky Hard Std Soft Dump 
Exc 7 22 48 9  6 11 39   
Gen P  19 41 13  1 11 34 1  
Dump     20     11 
Total N 293 
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Table 6: Whole-body vibration measures (r.m.s.) recorded in X axis for surface type/ground conditions, dozer type and 
task. 1 
 
 
 
Table 7: Whole-body vibration measures (r.m.s.) recorded in Y axis for surface type/ground conditions, dozer type and 
task. 1 
 
 
 
Table 8: Whole-body vibration measures (r.m.s.) recorded in Z axis for surface type/ground conditions, dozer type and 
task. 1 
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Table 9: Whole-body vibration measures (r.m.s.) calculated as vector sum for surface type/ground conditions, dozer type 
and task 1 
 
 
 
Table 10: Whole-body vibration measures (VDV) recorded in X axis for surface type/ground conditions, dozer type and 
task. 1 
 
 
 
Table 11: Whole-body vibration measures (VDV) recorded in Y axis for surface type/ground conditions, dozer type and 
task. 1 
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Table 12: Whole-body vibration measures (VDV) recorded in Z axis for surface type/ground conditions, dozer type and 
task. 1 
 
 
 
Table 13: Whole-body vibration measures (VDV) calculated as vector sum for surface type/ground conditions, dozer type 
and task. 1 
 
1 X denotes mean, SD denotes standard deviation 
 
VDV(8) and r.m.s values for each measurement are printed in figures 3-5 for each direction X, 
Y and Z respectively.  A wide range of readings were recorded.  It is worth noting the extreme 
variability both across the dozer fleet as well as within trials taken from the one dozer.  Dozer 
406 recorded both the highest and the lowest readings across the trials collected. 
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Figure 3: VDV(8) as a function of r.m.s. vibration amplitudes measured in horizontal (X) direction during individual dozer 
trials. 
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Figure 4: VDV (8) as a function of r.m.s vibration amplitudes measured in horizontal (Y) direction during individual dozer 
trials. 
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Figure 5: VDV (8) as a function of r.m.s vibration amplitudes measured in vertical (Z) direction during individual dozer 
trials. 
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In Figures 6 and 7, measurements of whole-body vibration exposure measured in r.m.s. and 
VDV show similar patterns.  A more skewed distribution is evident in the Z readings, 
particularly when measured in VDV.  When horizontal direction measures are multiplied by 
1.4 as specified in the Worksafe Australia analysis method, most measures exceed the Health 
Guidance Caution Zone.   
 
Figure 6: Whole-body vibration readings for each trial measured in r.m.s. for X, Y and Z directions. 
  
 
Figure 7: Whole-body vibration readings for each trial measured in VDV(8) for X, Y and Z directions. 
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5.2  Whole-body vibration exposure and surface type. 
Effect of surface type on whole-body vibration measures is illustrated in figures 8-15.  
Measures in blocky conditions differ markedly from all other surface types.  The magnitude 
of differences between group means is most noticeable when Y axis recordings are graphed 
using both r.m.s and VDV(8) data.  Differences between soft and dump surface and hard and 
standard surface are less noticeable.  Re-categorisation into 3 surface type categories (i.e. 
Blocky, hard/standard and soft/dump) may be indicated by the data, but operationally there 
is value in maintaining the current surface type categorisation.  Most variability can be seen 
in the standard surface type across all measures, with an increased amount of trials falling 
outside the 95% confidence interval.  The large number of outliers in the standard surface 
type category suggests that there may be two overlying distributions of results.   
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Figure 8: r.m.s. measures of horizontal (X) vibration whole-body vibration exposure as a function of surface type. 
"F (4, 287) = 7.618"	 P<0.0001
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Figure 9: r.m.s. measures of horizontal (Y) whole-body vibration exposure as a function of surface type. 
"F (4, 287) = 13.83"	 P<0.0001
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Figure 10: r.m.s. measures of vertical (Z) whole-body vibration exposure as a function of surface type. 
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Figure 11: Vector sum r.m.s. measures of whole-body vibration exposure as a function of surface type. 


"F (4, 287) = 12.59"	 P<0.0001
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Figure 12: VDV(8) measures of horizontal (X) vibration whole-body vibration exposure as a function of surface type. 
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Figure 13: VDV (8) measures of horizontal (Y) whole-body vibration exposure as a function of surface type. 
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Figure 14: VDV (8) measures of vertical (Z) whole-body vibration exposure as a function of surface type. 


"F (4, 287) = 8.028"	 P<0.0001
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Figure 15: Vector sum VDV (8) measures of whole-body vibration exposure as a function of surface type. 
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5.3  Whole-body vibration exposure, surface type and dozer type 
D10 appears to read higher than D11, particularly in blocky conditions.  While it is most 
evident that D10 in blocky conditions reads higher than D11 when looking at vector sum 
readings, this effect is evident in all recorded axes.  Insufficient data was collected of D11 
operating in soft conditions.  Similar to the r.m.s. values, VDV values also indicated a 
difference between D10 and D11 dozers, particularly in blocky conditions.  The magnitude of 
difference is greater when measured on the Z axis. 
 
 
Figure 16: X value whole-body vibration r.m.s. as a function of surface and dozer type. 
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Figure 17: Y value whole-body vibration r.m.s. as a function of surface and dozer type. 
 
Figure 18: Z value whole-body vibration r.m.s. as a function of surface and dozer type. 
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Figure 19: Vector sum whole-body vibration r.m.s. as a function of surface and dozer type. 
 
Figure 20: X value whole-body vibration VDV(8) as a function of surface and dozer type.  
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Figure 21: Y value whole-body vibration VDV(8) as a function of surface and dozer type. 
 
 
Figure 22: Z value whole-body vibration (VDV(8) as a function of surface and dozer type. 
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Figure 23: Vector sum whole-body vibration VDV(8) as a function of surface and dozer type.  
 
5.4  Whole-body vibration exposures, surface type and task. 
Figures 24-31 plot measures comparing surface type and task.  Across all measures in r.m.s 
and VDV tasks performed with the excavator generally produced higher readings of whole-
body vibration.  Insufficient samples of dozers performing general pushing tasks in blocky 
conditions were collected to allow analysis. 
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Figure 24: X axis whole-body vibration (r.m.s) as a function of surface and task. 
 
 
Figure 25: Y axis whole-body vibration (r.m.s.) as a function of surface and task. 
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Figure 26: Z axis whole-body vibration (r.m.s) as a function of surface and task. 
 
 
Figure 27: Vector sum of r.m.s. whole-body vibration as a function of surface and task. 
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Figure 28: X axis whole-body vibration (VDV(8)) as a function of surface and task. 
 
 
Figure 29: Y axis whole-body vibration (VDV(8)) as a function of surface and task. 
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Figure 30: Z axis whole-body vibration (VDV(8)) as a function of surface and task. 
 
 
Figure 31: Vector sum of VDV(8) whole-body vibration as a function of surface and task. 
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5.5  Whole-body vibration exposure, dozer type and task. 
When comparing all measures investigating whole-body vibration readings as a function of 
task and dozer type (figures 32-29), D10 dozers generally showed higher readings that D11 
dozers performing the same type of task.  Excavator related tasks tended to read higher than 
general pushing or dump related tasks.  No inferential statistical analysis was undertaken of 
the interactions described in section 5.5. 
 
Figure 32: X axis whole-body vibration (r.m.s) as a function of task and dozer type. 
 
Figure 33: Y axis whole-body vibration (r.m.s) as a function of task and dozer type. 
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Figure 34: Z axis whole-body vibration (r.m.s) as a function of task and dozer type. 
 
 
Figure 35: Vector sum of r.m.s. whole-body vibration as a function of task and dozer type. 
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Figure 36: X axis whole-body vibration (VDV(8)) as a function of task and dozer type. 
 
 
Figure 37: Y axis whole-body vibration (VDV(8)) as a function of task and dozer type. 
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Figure 38: Z axis whole-body vibration (VDV(8)) as a function of task and dozer type. 
 
 
Figure 39: Vector sum of VDV (8) whole-body vibration as a function of task and dozer type. 
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5.6   Task / Surface Type Category Exposure Graphs 
In an attempt to make the statistical results more meaningful to operational personnel at site, 
results were graphed and shown in relation to the Health Guidance Caution Zone limits.  
Shown below in Table 9 and Table 10 are the results of VDV calculated exposures for the two 
analysis methods.  Numerical values indicate axis values corresponding to HGCZ levels. 
 
Table 14: Analysis of calculated VDV whole-body vibration exposure levels using Safe Work Australia method (using axis 
with highest average). 
 
 
Table 15: Analysis of calculated VDV whole-body vibration exposure levels using University of Queensland research 
method (using Z axis values only). 
 
 
As illustrated in the task exposure graphs above, results vary between the two methods.  The 
following points are noted: 
- Both methods differentiate the degree of whole-body vibration exposure related to 
task and ground conditions.  
MAX AXIS Full shift Half Shift 2Hrs Count Full shift Half Shift 2Hrs Count Full shift Half Shift 2Hrs Count
Soft
21.17 17.80 15.47 47 18.00 15.14 13.16 84
Standard
21.81 18.34 15.94 446 22.61 19.01 16.53 340
Hard
24.25 20.40 17.73 165 22.94 19.29 16.77 95
Blocky
25.99 21.86 19.00 37 24.01 20.19 17.55 6
Dump
21.78 18.31 15.92 109
Ex Clean Up General Pushing Dump Maintenance
Z AXIS Full shift Half Shift 2Hrs Count Full shift Half Shift 2Hrs Count Full shift Half Shift 2Hrs Count
Soft
13.17 11.08 9.63 47 9.86 8.29 7.21 84
Standard
13.77 11.58 10.06 446 13.61 11.44 9.95 340
Hard
16.66 14.01 12.18 165 13.77 11.58 10.07 95
Blocky
18.23 15.33 13.33 37 14.21 11.95 10.39 6
Dump
11.10 9.34 8.12 109
Ex Clean Up General Pushing Dump Maintenance
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- Both methods recorded mean whole-body vibration exposures that would produce 
readings that would be above the caution zone and so be judged to produce likely 
health effects.   
- Of the 27 categories, the Safe Work Australia method highlighted 9 high-risk 
categories, 5 nearly high-risk categories and 13 caution required risk categories.    The 
University of Queensland method highlighted 1 high-risk category, 2 nearly high-risk 
categories, 21 caution required categories and 3 acceptable risk categories. 
- Both methods show that working with excavator generated higher whole-body 
vibration readings than general tasks.  Possible contributing factors could be speed, 
particularly when reversing, and/or floor conditions. 
- Under the Safe Work Australia analysis method, nearly all full shift dozer operation 
scored in the exceedance zone.  The only exception was full shift general pushing in 
soft conditions.  Even full shift operation on a dump exceeded. 
- Using the University of Queensland method, the only full shift exceedance was full 
shift dozer operation working with an excavator in blocky conditions (low sample 
numbers for this category). 
- Results differ significantly when X and Y-axes are considered due to use of multiplying 
factors.  X and Y-axes are multiplied by a factor of 1.4 when using the Safe Work 
Australia method.   The Australian standard clearly states that use of the highest 
frequency-weighted axis be used (Section 7.2.4), however elsewhere in the document 
it states that the data available is from research on human response to z-axis vibration 
only (Annex B, B.1 note to introduction). Seidel, 2005 recommends that more research 
needs to be conducted to examine the effect of whole-body vibration in X and Y-axes 
(Seidel H. , 2005).    
 
5.7  D10 / D11 Comparative analysis 
Data was also analysed to compare whole-body vibration results obtained on D10 dozers 
compared to D11 machines.  See below in Table 16 and Table 17. 
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Table 16: D10 compared to D11 VDV whole-body vibration exposures analysed using Safe work Australia method 
 
 
Table 17: D10 compared to D11 VDV whole-body vibration exposures analysed using University of Queensland research 
method. 
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Both methods showed D11 produced lower whole-body vibration measures, particularly in 
rougher conditions.  Sample sizes in some categories were low.  No D11 samples were 
obtained for operating in soft conditions under an excavator and only 9 samples were 
obtained for D11 operating in soft conditions, generally.  This is indicative of utilisation 
patterns for the D11 dozers at the project site. 
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6. Discussion 
The aim of the project was to investigate the type of task and ground conditions associated 
with higher levels of exposure to whole-body vibration for dozer operators working at surface 
mining operations.  This study involved a two-year data collection period to record whole-
body vibration data, which was also matched to corresponding video of dozer operation.  A 
total of 366 hours of whole-body vibration data and corresponding video footage was 
analysed, making this the most comprehensive collection of data on dozer operation to date.  
Data was analysed using a combination of descriptive statistics as well as one-way and two-
way Analysis of Variance, and subsequent post-hoc tests where appropriate.  Findings of the 
study showed that dozer operation in blocky ground conditions consistently produced higher 
whole-body vibration exposures, while task characteristics were not as predictive.  The results 
of this study assist the mining industry by allowing prioritisation of allocation of controls 
targeted at the tasks and/or ground conditions associated with higher whole-body vibration 
readings. 
 
6.1  Whole-body vibration measurement and HGCZ. 
As illustrated in figures 3-5, the majority of X and Y values (when multiplied by 1.4) and many 
Z values exceeded HGCZ limits for the samples collected during the project.  The range of Z 
values appeared lower when graphed against the HGCZ as no multiplier is applied to these 
values as per SafeWork Australia analysis guidelines.   
 
As highlighted previously, there is some inconsistency between the Australian Standard, 
which directly refers to ISO2631-1 and the Safe Work Australia Guide which references 
European Union Directive calculations and exposure limits.  While both documents quantify 
the vibration measurements through the average r.m.s. acceleration values and the VDV, the 
differing terminologies and exposure limits lead to poor understanding of whole-body 
vibration reporting at the industry level.  This was illustrated by the change in evaluation 
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method used by a consulting company for reports generated for Glendell Mine over 2013 – 
2015 and the lack of understanding of implications for the change in frequency of exceedance 
events. 
 
Different results were obtained when collected data was analysed using the two analysis 
methods, as described above.  Rates of exceedance were higher when using the Safe Work 
Australia method.  Results produced by the Safe Work Australia method indicate that full shift 
dozer operation in any ground conditions, other than soft material, is likely to produce 
adverse health effects for the operator.  In contrast, the University of Queensland method 
measured only one full-shift category as likely to produce adverse health effects; that being 
full shift on blocky material performing excavator clean up tasks. 
 
Investigation of injury and incident history related to dozer operation at Glendell did not 
provide sufficient data to identify trends that supported results from either analysis method.  
Current and historical injury/incident reporting does not routinely include information 
regarding nature of the task, ground conditions, or other factors, such as machine specifics, 
which may have influenced likelihood of injury.   
 
An obvious difference between the two analysis methods was the results related to dozer 
operation on dumps.  The University of Queensland method calculated this task as falling 
significantly below exceedance, whereas the Safe Work Australia method calculated this task 
to present likely health effects if performed for a full shift.  Current practice at Glendell with 
return to work planning for dozer operators post injury tends to use the dump task as an 
initial step to re-introduction to dozer operation.  This is due to operator report indicating 
that this task is tolerated more easily than the other task categories.  Operators report that 
this is due to a number of factors, including ability to self-pace, opportunity for rest/stretch 
breaks out of the cab, and ability to manage floor conditions.   
 
The difference between the results for dozer operation on dumps highlights the effect of 
analysis method on conclusions made regarding whole-body vibration monitoring.  Questions 
as to which method is most valid are hard to answer given the gaps in the research and the 
ambiguities in the current Australian Standard.  If the rationale for conducting whole-body 
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vibration monitoring is to maximise protective effect, the Safe Work Australia method 
provides more differentiation, and so more direction for priority for control implementation.  
However, due to the lack of rationale for the use of frequency multipliers on X and Y axes (as 
outlined in Section 2.3.5), some of these results may need to be questioned (e.g. Dump dozer 
operation exceeding limit for likely health effects for full shift exposure).   
 
There is some debate regarding the interpretation of whole-body vibration data (Smets, Eger, 
& Grenier, 2010) (Burgess-Limerick R. , 2013).  There is no clear dose response relationship 
between the stated health effects of whole-body vibration and exposure times.  Similar health 
effects can also occur with exposure to other risk factors of musculo-skeletal injury, 
complicating the degree to which a relationship between cause and effect can be stated.  In 
their review for Safe Work Australia in 2012, Burgess & Foster quote Brereton as stating that 
the “Health and Safety Executive has had very few cases of whole-body vibration reported” 
and that when investigated, they have found “ergonomic issues to be at least as important a 
contributor to back pain as whole-body vibration”.    
 
While the Australian Standard outlines directions for measurement, interpretation of health 
effects is discussed only in the standard annexes, and as such, is not binding or legally 
enforceable.  Current best practice in Australia is to ensure current operating practices aim 
to maintain operators in the safer zones as specified by the current health guidelines specified 
in the code of practice.  Tracking of injury rates is an inexact tool when looking at effectiveness 
of operating guidelines.  Perhaps that most useful way of using whole-body vibration data is 
to be improvement driven rather than compliance driven.  Current findings do not provide 
absolute limits of risk; however, they do highlight opportunities for action.  
 
The ambiguities previously noted regarding analysis of whole-body vibration data would 
suggest caution when communicating results from whole-body vibration studies.  Although 
not legally binding in Australia, whole-body vibration limits are regularly referred to in 
industry monitoring reports.  The language around exceedance and reference to possible 
health effects leads the uninformed consumer of this reporting to infer absolute standards as 
cause and effect related to musculoskeletal injury is strongly implied.   It is clearly stated in 
the Australian Standard that “There can be large variation between subjects with respect to 
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biological effects” and that  “other factors may also affect human response to vibration: 
population type (age, gender, size, fitness etc.): experience, expectation, arousal and 
motivation (e.g. difficulty of task to be performed); body posture; activities (e.g. driver or 
passenger); financial involvement.”  These factors need to be included in discussions 
regarding whole-body vibration and likelihood of health effects. 
 
Spread of Z values appeared greater (see figures 3-7), indicating greater variability in Z axis 
whole-body vibration exposure.  This increase in variability could be the result of a number of 
factors: 
- Z axis is more impacted by jolts and jars 
- No in-cab footage so may be errors in trimming data (operator getting on and off 
seat) which would impact on Z readings 
- No accounting for seat adjustment or varying operator mass which may also impact 
on Z readings. 
 
Variability is also evident within individual dozer machine samples e.g. Dozer 406 recorded 
the highest and lowest Z axis readings.  This may indicate that other factors (such as surface 
type or task) may be adding to sample variability.  Other factors such as operator technique, 
machine maintenance and seat set-up may also be influencing results. 
 
6.2  Whole-body vibration exposure and surface type. 
When examining results of whole-body vibration exposures over the various surface types 
(Figures 8-15), it is worth noting that categorization of surface type was judgement based.   
Surface type categories were established after collaborative decision making from 
operational personnel.  Samples were categorized by the data collectors after video footage 
was viewed, allowing for informed but still subjective judgements to be formed as no 
objective, measurable parameters were identified.   
 
Most variability can be seen in the standard surface type across all measures, with an 
increased amount of trials falling outside the 95% confidence interval.  The large number of 
outliers in the standard surface type category suggests that there may be two overlying 
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distributions of results.  Operating in blocky surface type consistently produced higher 
readings, indicating that this surface type would be the priority to manage to reduce dozer 
operators’ cumulative whole-body vibration exposure.  
 
6.3  Whole-body vibration exposure, surface type and dozer type. 
Figures 16-23 demonstrate correlations between whole-body vibration exposure, surface 
type and dozer type.  D10 dozers routinely appeared to read higher than D11 dozers, and this 
trend was more obvious when the dozers were operating in blocky surface type.  Z axis 
readings showed the most variability, however conclusions should be cautiously interpreted 
due to the low sample size.  Only 14 measurements were collected in blocky surface type. 
 
A larger sample size was collected in hard surface type (41 on D10 and 22 on D11).  D10 
samples were more variable.  This could be due to the lighter D10 machine being impacted 
more significantly by surface type.   
 
6.4  Whole-body vibration exposure, surface type and task. 
Figures 24-31 plot measures comparing surface type and task.  Across all measures, tasks 
performed with the excavator generally produced higher readings of whole-body vibration.  
Insufficient samples of dozers performing general pushing tasks in blocky conditions were 
collected to allow analysis.  Dump tasks were categorised separately as operationally these 
tasks are performed in different areas to the excavator and more general pushing tasks.  
These tasks are often assigned to operators training on dozers or returning to dozer work 
after injury.   
 
Dozers working on excavator tasks generally produced higher readings.  Dozer speed is often 
determined by the excavator as the dozer needs to manoeuvre out of the way of the 
excavator bucket.  Reversing in particular, may be done at speeds greater than that done 
when there is no pressure from another machine in the vicinity.  This may contribute to the 
greater whole-body vibration exposure readings (particularly in Z axis) recorded during the 
excavator tasks.   
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General pushing tasks performed in soft conditions often recorded lower readings than dump 
surface type / task.  While it would seem that this task and surface type combination would 
be a better choice for trainee operators and operators returning from injury, dozers may not 
remain on this surface type / task category for an extended period of time.  General pushing 
tasks are harder to predict and may involve work in different surface types and tasks through 
the shift. 
 
In excavator tasks, whole-body vibration exposures present a predictable downward trend 
with roughness of surface type.  This is not so obvious with general pushing tasks.  In general 
pushing tasks, operators can account for change in ground conditions by modifying technique 
and speed, whereas this is more difficult with excavator tasks due to interaction with the 
other machine contributing to speed and handling considerations.   
 
6.5  Whole-body vibration exposure, dozer type and task. 
When comparing all measures investigating whole-body vibration readings as a function of 
task and dozer type (figures 32-29), D10 dozers generally showed higher readings than D11 
dozers performing the same type of task.  Excavator related tasks tended to read higher than 
general pushing or dump related tasks.   No three-way analysis was conducted due to limited 
sample numbers.   
 
Given operator feedback regarding the comparative comfort of D11 dozers to D10 dozers, a 
larger difference between results from the two dozer models was anticipated.   Operators 
commented that they would prefer to operate a D11 even if it had maintenance issues 
affecting ride as they perceive it will get the job done more quickly and more effectively than 
a D10.  When comparing D10 dozers and D11 dozers on dumps (see figures 35 and 39) little 
difference can be discerned.  This may support D10 dozers being allocated to dump tasks in 
the future and may be worth considering in terms of future equipment procurement.  
Prioritization of D11 over D10 machines in the higher reading categories ( e.g. tasks 
performed in blocky ground conditions) can be supported by whole-body vibration data.  This 
then lends weight to future machinery acquisition proposals. 
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6.6  ANOVA surface type and dozer type. 
Figures 40 – 47 look at excavator related tasks.  Analysis indicates that ground conditions are 
significantly impacting on Whole-body vibration readings more so than dozer type, 
particularly with horizontal directions (X and Y).  Greater variability can be seen in both dozer 
types when operating in blocky conditions.  Readings from hard task category were variable, 
and sometimes D10 outperformed D11. 
 
Figures 48 – 55 investigate  tasks performed in standard ground conditions surface type.  D11 
dozers generally produced lower whole-body vibration readings, particularly when vector 
sum analysis is used.   
 
6.7  Factors contributing to adverse health effects for heavy machinery operators 
Many authors state that adverse health effects, namely low back pain, can be attributed to 
several factors that are present in the work environment of heavy machinery operators.  A 
systematic review conducted by Tiemessen et al. in 2007 categorised these factors into two 
categories: design considerations, and skills and behaviour. The review recommended a 
combination approach when formulating controls aimed at reducing impacts of whole-body 
vibration.  
 
The combined impact of vibration exposure and non-neutral working postures is often 
referred to in the literature, with many researchers demonstrating a relationship between 
awkward working postures and the development of musculo-skeletal injury (Seidel H. , 2005) 
(Eger T. , Stevenson, Boileau, & Salmoni, 2005) (Eger T. K., 2013) (Eger T. , Stevenson, 
Callaghan, & Grenier, 2008).  Training in seat adjustment to optimise neutral seated work 
posture for the individual operator is therefore an important factor in minimising risk of 
musculo-skeletal injury.  More research is needed to determine which of posture and whole-
body vibration exposure is the more significant factor.   
 
Similarly, seat design has been shown to effect whole-body vibration exposure in machinery 
operators.   The effectiveness of suspension seats versus conventional seats to attenuate 
accelerations in the Z direction were compared across a range of work vehicles, with the seats 
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being rated on “vibration isolation efficiency” expressed as the SEAT value (Paddan & Griffin, 
2002).   While the suspension seats were rated as more efficient, the researchers noted that 
this protective effect could be offset by other design factors of the machine, thus highlighting 
the complexity of control implementation in this area.   
  
The thickness of the foam cushion of the seat, particularly on the seat pan, has also been 
shown to affect the transmission of vertical (Z axis) vibration through the seat (Xiaolu Zhang, 
Yi Qiu, & Griffin, 2015).  These findings have implications for seat maintenance schedules as 
well as for seat change out projects.  Similarly, changes in backrest positioning have been 
demonstrated to increase or decrease discomfort depending on the frequency of the 
vibration (Basri & Griffin, 2013).  At frequencies of >8Hz, an inclined backrest increased 
vibration discomfort, while at lower frequencies (5-6.3Hz) less discomfort was reported.  This 
may have implications for seat training for heavy machinery operators working in rough 
ground conditions. 
 
Operator technique characteristics, such as operating speed, have been shown to be 
significant in whole-body vibration exposure.  While researching whole-body vibration 
exposure in haul truck operators, Kumar, (2004) concluded that speed of travel and driving 
terrain had a great effect on the degree of exposure.  Differences in exposures during 
different aspects of the task were also measured, with unloaded travel recording the highest 
levels, and dumping the lowest (Kumar, 2004).   
 
The HSE UK brochure (HSE, 2011) outlines the following factors that require attention to 
minimise risk of musculo-skeletal injury (referred to as back pain): 
- Poor design of controls necessitating non-neutral postures when operating 
- Incorrect adjustment of the seat and hand and foot controls leading to non-neutral 
postures when operating 
- Sitting for long periods without the ability to change position 
- Poor driver posture 
- Repeated manual handling and lifting of loads 
- Excessive exposure to whole-body vibration, particularly to shocks and jolts; and 
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- Repeatedly climbing into or jumping down from cabs/machines that are difficult to 
access. 
 
Burgess-Limerick, (2016) outlines similar factors in which controls can be incorporated to 
minimise whole-body vibration exposure for heavy machinery operators working in surface 
mining operations in the Australian context: 
- Roadway design and maintenance 
- Task components e.g. degree and timing of ripping, amount of travel/tracking 
- Equipment design including wheel axle placement (for wheeled mobile plant), 
suspension design, tyre and track design 
- Seating characteristics including suspension, postural adjustments and operator 
training regarding same 
- Maintenance of both vehicle suspension and seating 
- Operator behaviour including operator technique, task rotation and other 
interventions aimed at management of fatigue factors (Burgess-Limerick R. , 2016). 
 
 
6.8  Limitations of the project 
Due to the project being conducted in an operational setting, a number of factors were 
outside the direct control of the project team.  Collection of data was dependent on pit access 
being granted by the shift supervisor.  Operational demands sometimes dictated that the 
targeted dozer operator was not left on a task long enough for adequate sampling or was 
reassigned outside the scope of the video recorder.  This resulted in some sample sizes in the 
various task/ground condition categories being smaller than ideal.  Data samples were only 
taken through the day, while dozer operators also work at night.  This would be area where 
comparative analysis would be informative. 
 
Verbal instruction was provided to the operators regarding iPod placement on the seat, but 
this was not directly observed by the data collector.  While video footage recorded task and 
ground conditions from outside the dozer, vision inside the cab of the operator work posture 
and technique was not collected.  This would have been useful to determine if higher reading 
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operators tend to move more in the seat, thereby producing some false positive spikes to 
their samples.   In-cab video would also have recorded details such as seat adjustment 
behaviour and use of additional cushioning (jel cushions are used on the seat pan by some 
operators on site). 
 
Given that the study was conducted at one mining operation, the issue of generalizability to 
other mining operations in other geographical areas needs to be considered.  If used as a 
comparative analysis rather than focusing on absolute limits of exceedance of the Australian 
guidelines, findings from the study may be of value.   
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7. Implications for Glendell 
7.1  Prioritisation of controls 
Glencore Coal Assets Australia Glendell Mine has invested significant resources into the 
Whole-body Vibration project.  This investment has allowed the collection of a 
comprehensive data set investigating whole-body vibration exposure in dozer operators in an 
open-cut coal mining operation.  The collation of iPod data correlated with video data, has 
provided a detailed picture of how dozer operators are employed at Glendell: the types of 
tasks allocated and the ground conditions in which they work.  While industry has traditionally 
had perceptions about which tasks expose the operator to the higher levels of vibration, 
Glendell now has quantifiable data upon which to base these assumptions.   This knowledge 
can lead to more strategic implementation of controls to manage this risk.  Prioritisation of 
task rotation for the higher reading categories will reduce operators’ exposure time to the 
higher levels of whole-body vibration, and so reduce their risk of adverse health effects over 
the long term. 
 
While identification of the higher risk tasks/ground conditions is useful, communication 
regarding the nature of risk and the likelihood of adverse health effects needs to be carefully 
considered.  While the Australian guidelines are not legally enforceable, terminology such as 
“exceedance” and use of the traffic light colours, red, yellow and green for various exposure 
levels indicates an absoluteness to the levels, which the research evidence cannot 
substantiate.  The lack of epidemiological data that shows a clear dose response relationship 
is stated repeatedly in the literature, and emphasized by Burgess & Foster in their 2012 
Guidelines regarding the implementation of the European Directive for Safe Work Australia 
(Burgess & Foster, 2012). 
 
Despite the differences in the two analysis methods used, both methods produce similar 
results when formulating task rotation priorities if all axes are considered.  Below are 
operational guidelines that prioritise task rotation for the higher risk categories shown for 
each analysis method.  Dark blue zones represent categories in exceedance, mid blue 
represents close to exceedance, pale blue represents caution zone or below.  Both methods 
rate full shift on blocky conditions working under an excavator as the category that is the 
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highest priority for task rotation.  There are minor differences in category order between the 
two methods, but generally, both methods indicate that full shift operation in blocky and hard 
conditions should be minimised.  As the Safe Work Australia method is the current standard 
of analysis within NSW Coal Services Health, it is recommended that this guideline be 
implemented.  It is recommended that the guideline be used by operational personnel to 
determine which dozers should be the priority for operator rotation on any given shift.  As 
skill mix on the crews improve, supervisors will then be able to rotate operators on more of 
the machines, reducing average exposure over time.  
 
Table 18: Task Rotation Guidelines based on Safe Work Australia analysis method – Recommended for implementation at 
Glendell 
 
 
Table 19: Task Rotation Guidelines based on University of Queensland Research method, also using X and Y axis – for 
comparison 
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7.2 Communication regarding findings 
Communication regarding whole-body vibration monitoring findings needs to provide 
information regarding what tasks and/or conditions are “higher” risk, but also provide the 
information in a context of the multi-factorial nature of the causative factors for injury and 
long-term health effects.   Posture effects are repeatedly stated in the literature as being 
significant when combined with whole-body vibration, and this needs to be included in any 
discussion regarding whole-body vibration and its impact on the human body.   
 
Throughout the project, the lack of understanding regarding the nature of whole-body 
vibration, its effects on the human body and how that is measured, became apparent.  This 
project was initiated in 2015 due to some unexplained exceedances reported after whole-
body vibration monitoring was performed on site.  Despite requesting additional monitoring 
from the company that performed the initial assessment and furnished the reports outlining 
the exceedances, no clarification regarding the changing nature of the data analysis and so 
the changing risk of exceedance was provided.  As demonstrated in the results (Section 5), 
the analysis method used can produce significantly different rates of exceedance.  Health and 
safety staff reading these reports need to be aware of the various methods of data analysis 
that historically have been used so that comparative analysis of results is meaningful.   
 
7.3 Operator training 
Safe Work Australia guidelines recommend monitoring of whole-body vibration to ensure 
that employees are not exposed to excessive levels of whole-body vibration, which may lead 
to adverse health effects over the long term.  To avoid adverse health effects such as low back 
pain and injury, a multi-factorial approach is recommended.  As well as minimising whole-
body vibration exposure by using optimal blade, track and ground management, optimising 
work posture to promote a neutral spine posture is recommended.  Appropriate seat 
adjustment for the mass and anthropometrics of the individual operator should also be 
included in operator training.   
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7.4 Maintenance implications and Continuous Monitoring 
While the focus of whole-body vibration monitoring is to minimise risk of adverse effects on 
the worker, initiatives that reduce vibration also provide benefits to the machine.  The 
challenge with using the current data collection system is that not all machines can be tracked 
simultaneously or continuously.  Use of a continuous monitoring system could produce a 
comprehensive body of data that would allow identification of trends: of machine 
performance, of geographical areas of mine, and of individual operators.  It would also 
provide the ability to track effects of risk minimisation initiatives such as operator training 
and proactive maintenance, which will potentially lead to a gradual reduction in average 
readings for the site.   
 
7.5 Injury and incident reporting and recording 
As stated previously, a direct cause and effect relationship between whole-body vibration 
exposure and musculoskeletal injury is yet to be established.  At Glendell, current injury and 
incident reporting provides insufficient information to retrospectively determine factors such 
as task performed and ground conditions that have been shown to be associated with higher 
levels of whole-body vibration exposure.  Modification to reporting formats to include such 
information would provide more comprehensive information regarding injury/incidents and 
potentially lead to a greater understanding of the significance of various factors in relation to 
musculoskeletal injury.  
 
The Early Intervention program at Glendell encourages the early reporting and management 
of musculoskeletal symptoms in Glendell’s workforce.  As well as hands on treatment and 
symptom management advice, operators are provided with individualised input regarding 
optimal work posture and seat adjustment, the use of rest/stretch breaks, and strategies to 
improve their fitness for work.  Given the multi-factorial make-up of the cause of 
musculoskeletal injury, this program assists operators to minimise the risk factors under their 
control. 
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7.6 Future direction 
Glendell has demonstrated its commitment to understanding and managing whole-body 
vibration exposure risk for its employees.  Further work is required to map whole-body 
vibration exposure for other machines on site, particularly if task rotation is one of the 
strategies employed to manage exposure.  Preliminary testing of excavator operation 
indicated that half shift excavator / half shift dozer operation was an effective risk 
management strategy.  Investigation of other machines on site, including light vehicles, is 
recommended.   
 
As an industry leader in this area, Glendell is encouraged to promote discussion regarding the 
project findings.  Australian guidelines regarding data analysis methods and limits for 
exceedance have changed over time, with little awareness or understanding by industry 
personnel.  The project report summarises some of the main areas of ambiguity to assist 
understanding and encourage conversation within the industry regarding consistency of 
analysis methods and reporting.   This then allows for the development of effective and 
strategic controls to improve the health and safety of employees operating heavy machinery 
in surface mining operations throughout Australia.   
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